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ABSTRACT 


The performance of parabolic reflector antennas is very 
sensitive to the feed position and the reflector surface 
imperfections. It is possible to obtain a limited amount of 
bea,m steering by ;feed displacement. It is, therefore, of 
great intores'^^to study the effects of feed displacement and 
reflector deformation on the radiation patterns of these 
-yantenras. feed displacement is cither along the bore- | 

sight or in the transverse plane. Sirfiilarly the deviation in! ■ 
reflector surface from the true paraboloidal surface in case ^ 
of deformation is either due to imperfection in manufacturing ' 
the surface or due to change in reflector shape because of 
gravitational sag. j 

bi^f feet's on the radiation patterns in all these cases ! 
have been considered in relation to a 28 ft parabolic reflec- | 
tor dish fed by a pyramidal horn which is being used in a 
troposcatter link being operated by IIT Kanpur . ''^'/Tt is assumed 
that the magnitude of the effective aperture distribution : 
remain unchanged since the displacement or deviation considerei 
are very small in comparison to reflector parameters. They i 
only cause a change in the phase factor so that the aperture 
of parabolic dish deviates from an equi-phase surface."^ , 
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•■^The analytical expressions for computing radiation 
patterns in E-plano and H-plane for various cases are obtained 
in convenient integral form. Power patterns for vprying d.is~ 
placements of feed and deviation in surface have been plotted 
for carrying out a critical analysis. '•^s the facilities do not 
exist for actual mc<asurem(mt of radiation pattern on 28 feet 
dish, efforts have been made to measure the radiation patterns 
of a small parabolic dish of 3O cm aperture diameter fed by a 
B~plane sectorial horn in the laboratory with varying feed dis- 
placement. The results have been compared with those obtained 
by simulation on the computer for the some small dish, ''it mention 
hes been made of the tochniq\:ie of m(;asuring the radiatj'ri 
patterns of large fixed parabolic reflector 'intcsnnas by flyin 5 
an aircraft in the ndiation zone. Another technique discussed ! 

is the use of radio astronomical sources for antenna pattern I 

mer^surements. 0?^ i 

I 

( The curves of radiation patterns reveal that the dis- i 
placement of feed along borosight causes defocusing of radiation 
pattern by increasing its half power beamwidth, blending side 
lobes into main beam and bringing a reduction in field intensity. 
The displacement of feed in transverse plane causes a tilt in I 
the main beam coupled with reduction in field intensity and ^ 

increase in beamwidth. The beam tilt provides the possibility 

I 

‘ * I 

of achieving a beam scan, but comatic ‘Afl^erration restricts the | 

I 

range of beam scan by severly degrading the pattern for • | 
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displacement of feed larger than one wavelength. The 
deformation of reflector surface brings the effects of 
astigmatism in parabolic reflector. Astigmatic aberration, 
specially due to gra'vitational sag also causes severe 
degrada-tion of radiation pattern. 
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nrTRQDUCTIOE- 


1.1 G-eneral 

It is generally required that the antenna directional 
patterns in majority of the present day applications of 
large parabolic reflector antennas should be steerable oyer 
a fairly large angle. In normal case, this can be achieved by 
mechanically steering the reflector rrcructure. With large 
antennas along with the associated back-up structure, the 
steering mechanism may itself become a major problem. In 
parabolic reflector antennas, steering of beam in a small 
range can be achieved by displacing the feed in the focal 
plane without resorting to the costly steerable mechanism for 
the whole antenna system. This displacement of feed in the 
transverse plane can cause other ab err at ionrs, chiefly, 
defocussing, coma and astigmatism. 

1.2 Historical Survey of Beam Steering with Fixed Paraboli c 
Reflector s 

The study of radiation patterns of parabolic reflectors 
illuminated by a source at its focal-point and achieving beam 
steering by mechanically moving the feed structures have been 
done extensively. In 1946, Hildebrand and Mauchley first 
studied and presented the results for an off-set dipole feed 
in the integral form. Kelleher and Colem^ reduced this 
problem to one space dimension in 1952 and applied to a 
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Gaussian type aperture field distribution. , The analysis was 
based on current distribution in the aperture plane, neglecting 
higher order perturbations in the radial variable. 

Sandler [l 6 ] approached the problem in a similar manner 
taking into account all phase errors duo to an off-axis dipole 
and tapered ampll^tude source. He also worked on the problem by 
scalar difforaction theory and presented the solution in terms 
of familiar Bessel Functions. Comparing with his experimental 
results, he found that the; two approaches yield similar results 
only for small values of off-set which provides beam scan of 
much less than one standard beamwidth (SBW). A st<andard boarar- 
width is defined as a half-power beamwidth for an equivalent 
paraboliid fed by a dipole source located at the focus. At 
higher values of off-set, the results indicates a ro.thf.r low 
ordor of agreement compared to rigrous theoretical calculations. 

In 1965 John Ruze [lO] presented 'his study of beam 
scanning of fixed paraboloids by lateral feed displacement-' in 
transverse plane based on scalar plane wave theory and making 
use of series expansion of the phase aberration function. He 
compared the effects of aberration due to lateral feed dis- 
placement with classical study of aberrations in optical system. 
The aberration in optics have been extensively investigated 
by Nijboer and Hienhuis, Zingslake and others, and excellently 
presented in the text by Born and Wolf. Ruze explained, how 
these results of optical papers are not immediately applicable 
to antenna theory. He assumed that magnitude of aperture illu- 
mination remains unchanged by slight displacement of feed and 
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only phase of aperture field varies he cause of phase error 
factors. This provide hea.m scanning accompanied hy degradation 
of pattern due to defocus, coma and astigmatism. He found that 
the range of scan is limited hy the increasing coma. 

In 1969, T. Takeshima [19] presented his approach to the 
problem also hy displacing the feed in the transverse plane, 
hut hy progressively defocusing the feed to achieve heam scan- 
ning in excess of the angle hy which reflector is steered from 
the horesight. Therefore, his approach had the distinct dis- 
advantage of needing a steering mechanism for reflector struc- 
ture-, though in a very small ra,nge. He achieved a heam scanning 
of + 15 '^, approximately double of reflector tilt angle without 
much degradation of radiation patterns, in the vertical and 
horizontal plane. The advantage of his approach ir* that it ■ 

needed no r.f. rotary joint. 

Another team to work on beam steering with large fixed | 

I 

paraboloids is of A-¥.Rudge and M.T. Withers [l5]. It has been 1 
shown that the Fourier transform type relationship which exists 1 
between the aperture field distribution and' the focal plane , 

field distribution occurs not only for waves incident along the 
horesight of the parabola, but also along a pre— determinable : 

locus for waves ariving at an anglo. Therefore, in their 1 

approach, the location of the feed is not restricted to the ^ 

focal plane, and the signal processing employed is that of a i 
spatial Fourier transformation of the intercepted electric field . 1 
The primary feed is not a single element , but suitably designed 
and moved cn the pre— determined locus. Although, this involves 
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movement of a complfx feed assemloly, the problem compares favour- 
ably with that involved in moving the massive reflector structure 
The advantage of this ap'proach lie in the fact th?,t, with the 
movement of the feed array slong a defined locus, only an adjus- 
tment of phase shifter is required to achieve aberration free 
scanning of beam. It provides a groatc-r angle of scan thr-oi com- 
parative systems, and requires no amplitude weighting of the 
intcrcoptod >jnorgy to maintain optimum signal/noise performa-nce 
of the antonna system. 

1 • 3 Ste- t omen t of the Problem 

In this thesis severr'.l problems related to parabolic reflec- 
tor antennas are considered. The problems have been considered 
in relation to a 28 feet parabolic reflector antenna used in 
a troposcattcr link being operated by I.I.T. Kanpur. The dota.ils 
of this antenna aro shown in Figure 1.1. The following problems 
have been studied. 

(a) The beam scanning in fixed parabolic reflector antenna 
fed by a pyramidal horn by displacement of feed in the 
transverso plane. 

(b) The effects of displacing the feed along the 
boresight on radiation pattern of paraboloid system. 

(c) The efff'cts of astigmatism on l£i,rgo parabolic 
reflectors. 

To study the effects of defocusing, lateral feed 
displacement and astigmatism in the paraboloid antenna system 
with horn feed, Berkowitz's [ 3 ] analysis will be used. The 
nup-rture illimination in the vertical and horizontal plane of 
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the horn feed and of the parabolic reflector antenna will he 
obtained first. The radiation patterns of horn feed and combined 
antenna system will then be obtained by numerically computing 
the integrals. 

Throughout the analysis, it will be assumed that the mag' 
nitude of the aperture illumination remains unchanged, as the 
displacement of feed considered is much less compared to the 
system parameters, and feed is always pointing at the ■vertex. 

The feed displacement only causes a phase variation of this 
illumination in the aperture plane, so that the aperture of the 
dish is no longer an equi phase surface. Depending upon the 
extent of phase error, the radiation pattern will change .• 

In case of defocusing, the phase error factor is of th«. 
second order, and it causes symm.etrical deformation of radia- 
tion pattern. To study this, the feed will be simulated to 
move on boresight, towards the reflector and away from the 
reflector from the focus. The change in the phase factor at 
various points on 'the aperture plane for each displacement will 
be computed while computing the integrals by Simpson rule to 
obtains radiation patterns of antenna system in the B-plane 
and H-plane. 

To study effects of lateral feed displacement ,to find i 

h I 

I 

the range of scan of beam by this feed displacement in trans- 

i 

verse plane, the analysis presented by Ruze [lO] will be follow-| 
ed. The analysis given by Takeshima considers limited steering j 
of main reflection structure and that given by Eudge and 
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I'/ithere considers a special feed design. So both, these later 
analyses cannot be used in the present experimental link which 
has a fixed reflector with a single horn feed. The analytical 
solution by Euze is presented in integral form having familiar 
Bessel function as one of the variable. The Bessel function 
term comprises of linear phase error term and cubic phase error 
term. The linear phase error factor will provide the beam shift, 
whereas cubic phase error term will give coma, effects on the 
radiation pattern. These phase error factors will be computed 
‘'t various point on the ape-rture plane, then the Bessel's 
function will be evaluated and along with this integral will be 
computed again by using Simpson rule ror co.ch value of feed 
d ispliacement. The main beam tilt will increase with progressive 
increase in the feed displacement. The results show hov; much of 
beam scan is possible without much degradation of radiation 
pattern* 

Astigme.tism in paraboloc reflector arising from impor- 
factions in the reflector surface and change in reflector shape 
due to gravitational sag will be investigated. Cogd ell’s [ 5 ] 
and Slater's [l 6 ] approach will be followed to obtain the phase 
error factor which best fits the experimental results. Simpson 
rule will be used again to compute final integrals to obtain 
the radia.tion patterns in vertical and horizontal plane of 
the system. ' 

The effects of these aberrations will be simulated on a ; 
small parabolic reflector with aperture diameter of 30 ems, andj 
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f/D ratio of i , operating at 10 GHz. The res^llts will He com- 
pared Toy practically measuring the rad-lation patterns in the 
laboratory. We will also consider, how antenna patterns can be 
measured practically for large fixed dishos by radio astronomical 
method and by detecting tho, field by actually flying an aircraft 
in the rodiation zone. 






FIG. 1.1 SECTIONAL DIAGRAM OF PARABOLIC DISH 
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CH/,PTER II 

PARABOLIC REPLECTOR WITH FYRAM IDIA L HORN PEED 

^a^rabol ic Re flectors 
2«1,1 G-eomctrical parameters [ll,2l] 

A paraboloid symmetrical with respect to the x-axis, 
with its vortex at the origin, is shown in Figure 2.1, This 
surface possesses several remarkable properties. To discuss 
them, it is co:.xVoniont to use several different coordinate 
systems simultaneously. These coordinate systems are also de- 
fined in Piguro 2,1. The. equation of paraboloid surface in 
those coordinates is given by 

y* + = 4 f X (2.1) , 

r^ = 4f X (2.2) 

_ 2f (2.5) 

1 + cost}/ 

where f = OP, is the focal length. To discuss the final antenna 
pattc-rn, we also use spherical coordinate system with origin 
at focus and polar axis in positive x-direction. These co- 
ordinate are (R, 6 , 9), with 6 the polar angle and 9 the azimuth 
angle, A section of the paraboloid in Z = 0 plane is shown in 
Figure 2.2, 

The length of the ray from focus to the paraboloid is 
given as 

P = [(f-X^)^ + y^]^ = [f^-2f X;j^+X^ + 4 f xi]^= f + 




FIG. 2.1 GEOMETRICAL PAf(AMETERS FOR THE 
PARABOLOIDAL RT FLECTOR. 
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/ifith. the help of Eq.(2.l), it can be established that distance 
from the vertex to the point of intersection between x-axis and 
tangent at the point of reflection is equal to x, coordinate of the 
point on paraboloid surface. This characteristic establishes the 
triangle A B P as an isosceles triangle, which gives 

= I ~ (2.5) 

V 

From Snell’s law, the angle of reflection is equal to angle of inci- 
dence, therefore? the angle between incident ray and reflected ray 
is equal to angle between incident ray and x-axis. This makes the 
outgoing ray parallel to the x-axis. The length of this ray from 
focal point to the reflector and back to the line x = f is 

ri = Pi + (f - Xi) = 2f (2.6) 

The shape of the reflector is also specified by angular : 

aperture the angle between the x-axis and the ray to the reflect©: 
This angle is given by the relation 

tan = y^/(f-x^) (2.7) 

'Hho rt;lation between angular aperture and the f/D radio at edge ! 
of drish is given by I 


sin iL 


- ) 

(2.8) 

0 

1+dVi6 

f^ 


tan 

= «— 2^ 

, \ 

(2.9) 

U 

1-DVi6 

f^ ' 


The 

geometrical 

relationship obtained alove 

are useful 


for describing the performance of a paraboloid illuminated -by 
a point source at the focyus. If the source is not isotropic and 
the antenna primary feed has some arbitrary distribution, it is 
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nccessn.ry to ki^ow the current distribution on the reflector or 
the fields in the secondary aperture to determine the antenna 
porf ormance. 


2.1.2 Aperturo Distribution [6, 21] 


Tho aperture field distribution is of groat theoretical 
and practical interest because it ofic.cts the spatial distribu- 
tion of radiated enc-rgy. For n narrow beam antenna, the ampli- 
tude distribution f(v) over the aperture controls the main beam 
shape and vadth, the sidclobo level, and the side lobo envelope. 
Ihe electric field for a constant phase aperture, with 
exp (-;ikr )/kr and other nonportinont factor depleted, in normali- 
zed form can be given by the following cquetions [see Wolff 21, 
pp. 119-127] 

T 1 

F(u) = ~ / f(v) dv (2.10) 

^ -1 

where 


and 


u = 


tiL 


sin e 
“X — 


KL 


sin 8 


V = 


2 X 

I 


( 2 . 11a ) 


(2.11b) 


Tho X variable is the distance measured along the line 
source from tho centre, the source length is 1 and angle B is 
mcp,surod from brood side. The far field pattern is the magni- 
tude F(u) . However, when f(v) is an even function, the 
integral of Bq.(2.10) is real and the pn.ttcrn is simple F(u). 
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¥o will discuss the two distributions s Uniform nnd Cosjne, which 
fulfills our ronwireme-nts . 

(a) Uniform Lino Source: 

For a uniformly illuminated aperture, the electric field 
is constant in ajuplitude and so substituting f(v) = 1 in Eq.{2.l0) 
yields 

F(u) = (2,10.) 

This is familio-r sine function and is plotted in Figure 2.3* 

As seen from Figure 2.3» the first side; lobe occurs at u - 3^/2 
at on amplitude of (-13.2 db). Substituting value- of u from 
Eq. (2.11a), the nulls in this pattern occur approximetoly at 
points 

sin(^ sin 9^) = 0 ( 2 . 13 ) 

A H 

or 

~ sin = nix (2.14) 

For relatively large apc.rture^ the first nu3.1s occur at 9^ = ^ /L, 
and the ma inbeam- width between the nulls is B¥ = 2^/L, ¥e also j 

sec that the half power b'-'^rowidth occurs appro.xim'^'S'ely at ; 

u 1.39, or in the- sp^co variable 

B¥ = (2 o.rc sin 3=-^) c (2.15) 

3 ij ij 

I 

In this case the side lobe (envelope decay is not constant a,nd . 

the rate of dec} ease depends on the source li.ngth L. From Eq. | 

i 

(2.15) we observe that longer line source will produce narrow j 
beam as the beomwidth is inversely proportional to the a.per- i 
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(b) Cosine Distribntiens s 

Another aperture illumination commonly used is the cosire 
tjz-po taper for which the cosine function may be roisod for some 
power. A particular advont^go of this g03itrnl cosine with power 
n function is tJw’t both tht; space factor integro,! end the direc- 
tivity integrals c^’n be obtained in closed form. All such dis- 
tributions are zero at the lino end i.e., there is no pedestal. 
The first value of n is of interest in practice. However, para- 
T'ot'.ors for higher values can also be found. Substituting 
f(v)=cos ^ in Eq.(2.10) yields 

1 

P(u) = ~ / cos ^ dv (2.16) 

2-1 2 

Solving, wo got, 

P(u) = ~ C — ] (2.17) 

1-4- (-)^ 

TC 

The first null in this pnttf rn occurs at u = so that the 

main beo.mwidth betvreen nulls is BW = 3x/I<- Similarly, the 
half power point occurs at u = 1.9, so that the half povrer 
beamwidth is 

B¥„ = 1.2 ~ (2.18) 

5 1 

Also the first side lobe occurs a, ^ u = Six, with an : 

amplitude of -23.5 db. Parameters for general cosine distributio 
s,re given in Table 2.1 where directivity has been normalized ; 
by the uniform line source v^^lue 
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TalDle 2.1; cos^ ™ distribution. 


n 

Side lobe ratio 
(db) 

Beamwidth 
(rad ) 

O/So 

0 

13.2 

0.88X/1 

1.00 

1 

23.0 

1.20X/L 

0.81 

2 

32.0 

1.45 X/L 

0.67 

5 

40.0 

1.66 X/L 

0.58 


2*2 Analytic al Express ion for Rad i ation Patt ern of Pa ra bolic 
Ref lec tor Fed with Pyramidal Horn [3»2l] 

Pyreroidal horn feed is the primary source of the parabolic 
reflector antenna. The radiation pattern of the horn as an iso- 
lated unit is known as the primary pattern of the antenna system. 
The overall pattern of the antenna is cal3 ed the secondary 
pattern. In antenna design, one of the major problem is to 
establish the relationship between the primary and secondary 
patterns of the antenna. A paraboloid fed with horn is shown in 
Figure 2.4, vrhero for convenience the paraboloid is cu+ to occupy 
a rectangular aperture with sides A and B in the y and z direct-- 
ions, respectively. The horn is fed by a rectangular waveguide 
which is excited only in the dominant mode This will give 

a uniform field in the F-plane and a ta,pered field in the H;- 
plane. 

¥e will follow the approach by Berkowitz [3] to obtain the 
ana.lytical expression for radiation pattern of paraboloid system. 
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From Eq.(2.12), for a ■uniform field, the E-plo.ne pattern of tiic 
horn feed for a horn height b is, 

r "1 

sinL -:t- sinib J sin U„ 

2 E 

f = (2.19) 

3?^ sin ^2 

wb ore 

Uj, = ^ sin (2.20) 


In the H~plane, the field is tapered such that at the 
edge of the horn magnitude of field distrj bntion is zero. A 
cosine iliuminntion is bc;st suited for such field distribution. 
Assuming a first order cosine distribution, from Eq.(2.17), the 
H-planc pattern of the horn food is 


cos U 


H 


■H (T 2 

i_4(-ii) 

TC 


v^’horo 


Uh = sin 


(2.21) 


( 2 . 22 ) 


The half angle included by the reflector is given as 


^ = tan“^ (2.23a) 

f-x 

0 

n,nd ♦ = 

y f - Xo 

where, x^ is tho distance from vertex to aperture plane and 
f is the focal length of tho paraboloid. As tho parabod oid is 
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Gymmctricnl with rtsp^ct to x-axis, the aperture diameter D is 
eqiii'l to A a.s well as B. This gives 


sin 4 ; „ 
2 


o.nd 


sin 


sin[ tan~^ - P . / .?— ] 

f-Xo 

sin[ tcon ^ 1 


(2.24a) 

(2.24h) 


so tho-t the E-planc and H-plone illumination at the edge of the 
dish is given hy 


fE(D/2) 


■nd 


sin[ sin (tan - p - ^- ) ] 

£-fo 

Ttb . /, -1 D/2 \ 
— sin (tan v — 4;: — ) 

A ^ ~ ^0 


cos[ sin (tan ^ ) ] 

A 1 ^ 


%(D/2) 


a 


1 ~ 4[ “ sin 
X 


(tan ^ 


Therefore, illumination of the dish at 
H pln,ne is given hy, 


fjj(z) 


sin[~ sin (tan ^ — )] 

A I 


^ sin (tan ^ — ) 


(2.. £5) 

( 2 . 26 ) 

any point in B-plane and. 


(2.27) 


and 


cos[ ~ sin(tan"*^ — )] 

A 


f^(y) (2.28) 

l- 4 [ 7 sin (tan ^ 

The fields from the dish for secondary patterns are Fourier 
transform of the distribution of the fields at its aperture. 



j- - 13 .3 C^-1 -I 

j*-- 10-92 CM - — ^ 

OIMENSIONS MENTIONED ARE ALL INSIDE 
DIMENSIONS 

ACCURACY! 0.5 CM ( INSiZE DIMENSIONS) 
Y/ALL THICKNESS 2.0 MM 
MATERIAL BRASS 
ALL DIMENSIONS ARE IN CMS 


12.5 CM 



31.5 CM 


11.0 CM 


5.46CM 


P'^rsp e x 
strip 


FIG. 2 .5 HORN FEED WITH WAVEGUIDE TO COAXIAL 
; TRANSITION . 

’ ■ 'o ' I' ■ ' ■ 

NOTE ALL DIMENSIONS ARE INTERNAL DIMENSIONS. 
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there- fore , 


+ “ jkzsina 

/ f^(z) 0 dz 


(2.29) 


+00 jkysina 

/ fg(y) 0 dy 


(2.30) 


But our reflector apc-rturci (diuincter is D- Meusurirg from its 
centre, the limits for integration is to be chrnged to -1/2 to 
+D/2. Changing the limits, we get 


+D/2 

= / fp(z) 


jkzsina 


(2.31) 


■"“f fjj(y) dy 

-D/2 


( 2 . 32 ) 


The; power relation in the B and H-plane is given by, 


^ + E^. ^ 

E ER Ei 


(2.33) 


and E= = Ehh ' ' 


(2.34) 


where, R denotes for rea,l terms and i denotes imagina.ry terms. 
The terms of Eq.(2.33) ''^-nd Bq.(2.34) in computational form are 
given as 


+D/2 

E = / f-ni(z) COS (kzsina)dz 

UR -o 


(2.35a) 
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an cl 


D/2 

®Ei = / 

~D/2 

_ 

®HR ” ^ f„(y) 

‘-D/2 ^ 


sin(kzsina) dz 


cos (kysina ) dy 



D/2 

/ ftT(y) sin (kysina) dy 
-D/2 " 


(2-35D)- 


(2.35c) 


(?.35d) 


2 *3 Qomputa iion of Rr'dio t ion Pnitcrns of Horn Feed o , nd ComP inod 
A ntenna S y s t om 


Dimcjnsions for pyramidal horn 
2.5 o.nd 2.6. Tlrn'se dimensions •‘^rc - 
E-pl •',n c; ap or tur c (h ) 

H-pl o.n 0 a pc r tnr c , ( a ) 

Length of Horn L 

Plai'^c length in E-plane £ -g 

Plano length in H-plrno 


food arc shown in Piguros 

= 11.0 cm 
= 13.3 cm 
= 10.0 cm 
= 19.9 cm 
= 55.9 cm 


B-plnno flrro nnslo 9^ 
H-pl,anc flare angle 
Dimension of waveguide 


= 16.4 deg. 

= 6 . 8 d eg. 

= 10.92x^.46 ems 


By using Eqs.(2.19) and (2.21), primary pattern of the above 
horn in E-plano and H-plane, respectively, were computed. The 
computer plots of radiation patterns are shown in Figure 2.7. 
From the curves of Figure 2.7, wc,- have 


Half-power bcamwidth in E-plane = 2x35 -10 deg. 
Half-power b--.amwidth in H-plane = 2x39*75 = 79.5 deg. 
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Bp.sccI on prr.ctic'^.l formulrL, dirr.ctivity is given as [ 4 ] 

Q = Y 5 CLb _ 7«5 X 13.3 X 11 . Q ^2 36 ) 

( 14 . 286 )^ 

= 5.4 cTb 

To compute sGcondary pottern, intogra.lo givi-n by Eqs . (2, 35a,b, c,d ) 
arc nuraerically computc.-d using Simpson's rule. Rclevnnt dato- for 
prrrbolic rofloctora ore shown in Figure 1.1. The po.ro me tors 
c iven nrc 


Aperture diamc.-tcr of the dish D = 26.0 ft = 8,55 meters 


Focal length 
Scmivortical angle 
f/D ratio 

Frequency of operotion 


f = 12.4 ft = 3.78 meters 
= 58,9 deg. 

= a. 443 
=2.1 GHz 


Power radiation pattern based on Bq.(2.33) and Bq. (2.34)» end 
norma-lized with respect to field at borcsight for E-plane and 
H-planc rLspectivoly ore comwuted and plotted in Figure 2.8. 
Ho.lf power beam'fidth and side lobe levc-ls obtained from curves 
from Figure 2,8arc givc^n in Table* 2.2. 


Table 2.2 

Half power First side lobe second side lobe 

Booj'.iwidth Deg. level db level db 


E-plane 0.96 


- 25.6 at 1 . 5 ° -20.0 at 2.33° 
-21.1 at 1.45° -19.9 at 2.34° 


H-plano 


0.94 
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Gain of the antenna system given "by a formulp, based on 
uxper imonto.! r'-snlts is [ 9 ] 


G 


27,000 


® E ®H 


(2.37) 


0-n nnf'l 0^ arc h'^lf power beamwiclth in Dcgrc-'O. Thorofo 
n n 


G 


27,000 


0.96 X 0.94 


/!4.8 db. 



CHAPTJ.R III 


EFFECTS OP ABERRATIONS ON LARGE PARABOLIC 
REFLECTOR ANTENNAS 


3'*1 General 

In large reflecting systems, aberrations are present 
mainly dne to geometry of the system, imperfections in structure 
end displacement of feed from focus. Effects of these aberrations 
on radiating aperture depends upon their phase error factors. ‘In 
caso of lar-ge parabolic antenna system, the magnitude of aperture 
ll'umination remain unchanged whereas non-uniform phase front 
across the aperture causes undesirable effects upon the radiation 
pattern. This non-uniform phase front across the aperture can bo 
synthesized in the form of an infinite series as [Hansen 7, pp 139] 

p(a) = 1 + |3j_ a + P2 + P4 + ••* (3*1) 

where a is the normalized aperture dimension, and is the 
ph8,so error at the edge of the aperture, will be a function 

of the reflector f/D ratio end the angle of inclination of the 
incident wave. The first four terms of infinite series are most 
important and predominate in tho large reflectors. They are 
commonly termed linear, focus, coma, and spherical aberrations. 

Another aberration which is due either to imperfections 
in the reflecting surface, and/or gravitational sag on the dish, 
and which can be serious in three dimensional system is astigmati- 
sm, It is normally present in all narrow field reflectors. 
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Lastly, depolarization or the generation of energy in pol-ariza- 
tion other tho-n the desired poln,riza,tion can also be considered 
as an aberration. 

^ ^ ^'-'l^s^^s-tions Effecting Parabolic Reflector with Horn 
F eed [7,15] 

The aberrations which effects the radiation pattern of 
parabolic reflector with horn feed arc linear, focus, coma and 
astigmatism. Spherical abc^rration is more common with spherica.1 
antenna and dopolarizotion efff cts are not present with horn 
feed . 


3-2.1 Linear Phase Shi-ft: 

A linear phase shift is not^ in re-ality an aberration, 
since it does not distort the focal-plane field distribution but 
mi rc.'ly shift it along the transverse o^xis. Bea.m shape is not 
chr'.ngcd due bo this phase error. This linea,r beam shift due to 
displacement of feed will be equal to the feed squint where the 
feed squint is the ratio of fci d displacement in focal plane to 
the focal length of the paraboloid system. However, the shift on 
transverse axis changes system geometry, which introduces other 
aberrations, like focus, coma and astigmatism. These aberrations 
introduces a loss in directivity, changes in side lobe level and 
degradation of beam. Therefore, a one-to-one correspondence bet- 
ween the a.ngular displ'>ccm'-nt of the feed and tilt of sccondarv 
pattern is not obtained . 
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Tho rr'.tio of the angle of shift of main heam to the angle 
of displaced feed is called the Beam Deviation Factor. Both these 
angles are muasnrod from the axis of the reflector with the 
vertex as the origin. The BDF depends npon the aperture illiuni- 
nation and f/D ratio of the reflector system [l3]* It has been 
found from the experimental results that this ra,tio approaches 
unity as f/D ratio increases. This in fact is theoretically 
correct, as coma, error is inversely proportional to the square 
of the system f/D ratio. As coma error reduces, and approach 
zero, a onc-to-onc correspondence between the angular displace- 
m(,nt and beam deflection should be obtained. 

3.2.2 Focus: 

The improper placing of the feed in the axial direction 
r G the most common cause of a focus error in a reflecting system. 
Th{; focus error tends to dofocus the field distribution in a 
symretrical fashion boca.use it is a.n even order aberration. The 
patt- rn shape is effected, but not the pointing of main lobe. The 
phase error in the aperture plane illumination in case of a para~ 
boloid system can be approximated by means of the relation [6] 

P(a) = k ^f(l - cos^ ) (3-2) 

where, A f is tho displacement of the feed from the focus and 
is the angle between x-axis and the ray to the reflector. 

The effect Of this phase error upon tho radiation pattern 
is a reduction in directivity, an increase in bcamwidth and a 
blending of tho side lobes into the main beam. From Eq. (3.2), 
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wc obccrvt. that tho ranximum ph'^se error occurs at the edge Of 
thf; dish, which moans th'^-t if wo ha,ve a ta,perod distribution, 
the offsets of dofocusing will bo less pronounced o.s the maxi- 
mum phase error wil] occur at tho point of minimum amplitude, 
'dhoolcr [ 20 ] has synth' sized an antenna using this property 
whore the pattern broadens with dofocusing without changing 
its shape. It is of greet significance in many radar applica- 
t i ons* 


3*2.3 Coma : 

Tho Abbe* sine condition is not satisfied usu*^lly by 
large reflector cystoms, th.-t givo‘S rlsc' to coma aberra,tion when 
fi od is displaced in tho focal plane. We have observed tba.t a, 
d isplacc-nont of this kind will shift the main lobe from boresight. 
This aberration also tends to shift tho beam in the opposite 
direction to that of tho linear phase shift along with a loss 
in directivity. .'jo its efff-cts on radiation pattern are, a 
squinting of the main beam and an unsymm.etrical pattern shape, 
the oidelobeo being higher on the boresight side of the main 
beam then on the oth..r side. Tho phase error factor due to coma 
is function of the f/D ratio of the system and the feed dia- 
placement. Coma pho.se error constitutes the major limitations 
in paraboloid antenna system to achieve tho wide angle beam 
steering. 

The amount of path error due to coma can be calculstcd 
with the halp of curves illustrated in Hansen [7, pp- 142] 
which are plots of coma coefficient versus the , :tilt in the 
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main 'beam, for a f/D rotio of one. The path error at any point 
on the refloctor surface due to coma is given as 

Pet 

Path error = — -2 (3-3) 

3 

x/he-ro h is distance of the point of ineasur€-"ment on the reflector 
surface from the centre of tho axis- To ca.lculate path error at 
other f/D ratio, tho coma coefficient can he cvrluatod from the 
curves hy tho relation that coma varies inversely as tho square 
of tho f/D' ratio of the system. As an il3.ustrative example, to 
c“'lcu.lrtc pp.th error at edge of a dish Xf.rith aiDcrture diameter 
of 28 ft. and f/D ratio of 0.443^ to obtain a beam tilt of 5° in 
ai paraboloid antenna system, the path error X'^ould be 

Path error = — i [P-r = 0.065 for f/D = l] 

3(28)' ^ 


= _0.^^i5 —(iilL 0-405 ft. = 12.3 cm, 

(0.443)^(28)' ^ 

From the magnitude.- of this path error, we co.n predict that the 
system will give poor pattern perform.ancc at x~band, while at 
lower frequency, say L-band, it might provide satisfactory 
performance. 

3 . 2.4 /.stignB.tisms 

■ This aberration arises in any three dimensions.1 system 
from the fact that tho bast focus is not some for both the 
planes. Therefore astigmatism is common in parabolic refloctor 
structure when the feed is displaced in tho transverse plane. 
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lis effects are not apijarcnt ■unt.iJ. the system performance becomes 
ina.i'^ oqnat e due to other aberration, such as coma. This is also 
a second order phase error. 

After adjusting the feed in the Isiteral plane, such as to 
gj-vo equal side lobe thus eliminating or reducing coma, a posit- 
ion can be found by properly setting the axial position of the 
■Pcc/d, which will maximize the gain of the system. With the feed 
in maximum ga.in position, the effects on pattern due to remaining 
second order term is the o./itigraat ism . Thus we conclude that with 
the food in optimum position, error upto forth order o.re elimina- 
ted except astigmatisri. It is precisely this effect which makes 
astigmatism so important to recognize, as it cannot be eliminated 
through focusing. 

When astigmatism is due to imperfections in the reflector 
f;urface or due to gu'^vi tntionnl sag on the heavy structure of 
rc.'-ricctor, where it gives on effect of squeezing the reflector 
at opnositc edges, it ferns the predominant part of phase error 
factor in degrading the radiation pattern of the system. The 
effects of this phase error are, reduction in directivity, 
flattening of main beam, submerging of side lobes and increasing 
the level of side lobes. 

3.3 Aberrations not O r itical with Horn Feed Paraboloid 

Spherical aberration and aberration due to depolarization 
oomes in this category. 

3.3»1 Spherical Aberration: 

Spherical aberration is most common in spherical reflec- 
ting system. This aberraticn is of fourth order, therefore, its 




effects on radiation pattern are also symmetrical, Actmllyf the 
effects of spherical aberration are similar to those of defocus- 
ing and so in reality, it is called a higher order focus error, 

3.3,2"' Depolarization: 

The two principal causes of depolarization are the curva*- 
ture of the reflector surface and the feed itself. When the 
feed is a short electric dipole positioned properly at focus of 
a paraboloid, a cross polarized component in the field distribu- 
tion results in a cross polarized lobe in the 45° plane. This 
lobe can be higher than the first side lobe of the pattern in 
the principal polarization. Similar effects tahes place in 
opposite direction when a magnetic dipole is placed at focus of 
a paraboloid. If a feed consists of e combination of electric 
and magnetic dipoles oriented at right angle to each other, the 
result will be cancellation of cross-polarized components. A 
rectangular horn serves best for this purpose and have very 
little or no effects due to depolarization. 

3-4 Tolerance in Parabolic Reflectors [6] : 

Inaccuracy in positioning of the feed at focus and devi- 
ation of the reflector surface from actual paraboloid surface 
arc the two min causes to give phase error in the aperture 
iillumination of a parabolic reflector antenna system. Toler- 
ance in first case can be found out for the extent of shift 
permissible from focus which will not degrade the radiation 
pattern abnormally. In second case, manufacturing tolerance 
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of the reflector surface is of interest as it gives rise to asti»- 
gmatism in paraboloids. A maximum permissible phase difference 
of %/2 in the aperture illumination will be taken as a guide for 
calculating these tolerances. 

3 , 4.1 Tolerance in Defocusing: 

Inaccuracy of this kind is shown in figure 3*1 where the 
feed is displaced cm. boresight by a distance d^. The phase error 
introduced can be calculated from simple geometry as [6] 


but 


and 


or 


A 91== ~ [S’M - (s' 0 + 00')] 


S'M SM - SP = f + Xq - di cos ^ 


S»0 = f - d- 


00' = X 


A 9i 


o 

2 ^ 


[di ~ di cosif;] 


A?! = ~ ^lEl - COS9 ] 


from which we obtain for 9 i 


max 


11/2. 


(3.4) 


( 3 . 5 ) 


msLX 


{3.6) 


4(1 - cos 9) 

d-, gives the tolerance of displacement of feed on boresight 
to give an phase error of %/ 2 * Radiation pattern for displace- 
ment of feed in boresight is computed and plotted in Chapter IV, 
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3»4*2 T-olerance in astigmatism: 

In-accuracy of this kind is expressed in Figure 3«2 where 
this inaccuracy is expressed as the deviation of reflector surface 
from the actual parabolic curve. The dotteri line corresponds to 
theoretical contour of the reflector, whereas full curve shows 
the actual contour of the reflector. Any ray itravelling from 
focus to point M at edge traverses a distance SO" + 0" 0*. As 
all rays traverse equal distance in a paraboloid structure, the 
r-'y at boresight should also traverse the distance SO" + 0" 0*, 
but due to actual contour, it traverses a distance SO+00’ . 

Tla/ref ore a path difference of 2 d 2 (where d^ = 00**) occurs between 
the ray at edge and ray at vertex. This gives a phase error at 
aperture surface equal to 

49- =“23, (3.7) 

c. ^ c 

for 92 max tolerance d 2 as 

0 . 8 ) 

Cc'nsidering that tho difference from the theoretical curve may 
have different signs at different points, as is the case explained 
by Slater [l8] it is necessary to take as the manufacturing tol- 
cronco on the reflector surface half of that given by Eq.(3«8)» 
Therefore ^ 

Tolerance d 2 = ± ^ 2 ™ ~ ~ (3.9) 




-MENT OF FEED ON BORESIGHT. 
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Comparing this with lens antenna, where tolerance is given equal 
to y8(n— l) with n as refractive index (1.5 to 1,6), we observe 
that m.anufacturing of paraboloid surface requires a greater 
iogree of precision tton the lens anterjias. 
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4 

s CHAPTER IV 

Sj M^T^ATION OP RAPIATIOH PATTERI^TS OF PARABOLOID AHTEHNA 

W ITH A B EPuRATIQHS 


^ Expression for Radiation Pattern aiid Compu'ta'bioii 

yi'fch Displacement of Feed alon^ boresligiht 

The common cause of defocusing and its general effects on 
thfi radiation patterns are alroad 3 r discussed in Section 3.2.2. To 
obtain an analytical expression to compute secondary pattern of 
paraboloid , let d bo the d isplacome-nt of feed from focus as shown 
in Figure 4.1. 75" and b * i.'.ro the vectors from the food points 

to a point on the reflector. The difference in the magnitude of 
■il: two vectors is primarily responsible for the antenna’s 
d ■.■■■reusing characteristic. The relationship between p and o' 
is given by [ 3 ] 

p’ =* p {1 + [“ ~ 2 cos 0 ')j /*■ ( 4 . 1 ) 

K t 

and the phase error factor will be 

A.<p “ — ~ ( P + d)] (4.2) 

with the value of P’ from Bq. (4.1)» Eq.(4.2) will make the 
phase error factor a quadratic error torm and solution obtained 
with this will be termed as complete analysis whereas with simple 
line of approach, Eq.(4.l) can be 'approximated as 
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~ ^ (ill amplitude of the aperture (4»3a) 

illumination) 

" ( P± d COSO ’) (in phase relation with (4.313) 

positive and negative 
defocusing) 

V'ith this value of p', the phase error factor hecomes 

271 r — 

^ LP+d cos ~ p 4- d] (4,4a) 

ss + ~ d[l ~ cosi|j ] (4.4b) 

X 

Eq. (4.413) is similar to that given in Soctien 3.2.2. This appro- 
.imation provides linear analysis. 

The disadvantage of the complete analysis is that certain 
clnaod form expression, which a.ro possible when linear approxima- 
ii 'ms a,roraado, are no longer feasible. However, the complete 
analysis will indicate the accura.cy and range of validity of the 
linear analysis. Most commonly, linear analysis is used to 
rtiduco computation expense. Ingerson and Sush [8] have compared 
beth and found that nulls of linear a.nalysis changes to minima 
when complete analysis is used . For small displacement of few 
wavelengths, the results from linear ano.lysis are in close 
approximation with complete analysis. In our computation,,, we ' - 
will follow the linear analysis. 
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With tho phisc error f. "act or, th>- antennn, aperture illu- 
’ inetion changoc from the form given in Sec. 2,2, Bq,(2'. 27) and 
('..' 8 ), 

(4.5a) 


f^(y) = fH(y) 


(4.5h) 


T']i< fieli’l in the far zone thus hoc ones. 


E’ 


D/ 


/ f (z) dz 


-D/2 


'E 


(4.6a) 


E’ 

II 


D/2 

/ t^ij) G 

‘D/2 ^ 


jkysina^+ jkAg) 


dy 


(4.6h) 


o.trl with sinilar development, the integrals to plot power 
I'.ottern will ho 


E> = 

ER 

D/2 

/ 

-D/2 

hi 

D/2 

/ 

-D/2 


D/2 

Ji — 

J'R 

f 

-D/2 

o.nd 


E* 

Hi “ 

D/2 

/ 

-D/2 


f,,(z) cos[k(z sin a 4 d (1 - oos tj; ))] dz 

JCi 


r„(z) sin[k(z sin a + d (l - cOvS ))] dz 

ill 


fj^( 3 ;) cos[k(y sin a + d (1 - costjj))] dy 


fnCy) sin[k(y sin a + d(l - costlO)] dy 


(4.7a) 


(4.7h) 


(4.7c) 


(4.7d) 
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The coi iimt'’tion of thtoo integrals ore perforned for tho 
?>. it prirabolic antenoa discussed or',rlicr with the Simpson’s rule 
■ nd power patterns in E-plane and H-plane are plotted in 
fngurc ,2 and Pi^gure 4.3 respectively for a feed displacement 
of a/ 4, X/2, 5X/4 and A on the boresight. As the curves are 
colcul.atcd using linear analysis, they are identical for positive 
and negative dofocusing. Ingerson and Rush have shown (using 
complete analysis) that there is 0. slight shift of minima towards 
boresight with negative defocusing and away from boresi'hts with 
positive d of (reusing. The curves of Figaro 4.2 and 4.3 are 


normalized by the total feed power ra„diated with feed cat focus 
8c that spill over is included. 


^*-J^hlytical Expression for radiatio n Fat + orn and Computation 
of Beam Scanning with lateral Eisplaccment of Peed Horn 

Let the displacement of feed be e as shown; in Figure 4 - 4 . 
With aperture diameter D = 2a, the field at a far point .with 
food at focus, is given in spherical coordinates as [lO] 

E(q, 9) = j j f(r, 9') '^0^ r dr d 9^ (4.8) 

® o 

where f(r, 9*) is an effective aperture distribution and all 
constant factors are suppressed. With , displacement of feed, the 
field at far point ch?’.nges to, 

E(0r 9) = T r dr a 9’ 

0 


0 


( 4 . 9 ) 


0.25. 

0.50 

0-75 

1.0A 
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l^poD "tho Figure 4*4 » wg h.Tve gC'Oini.,’fci*ic rolaiions 


J s> 


2f 


2f 


^ ■> ’•P 

=f S 0 c ^ — 


1 - cos 0' 1 + COSlp 


•' * r> [coo 0’ X + sin 9' sin 0 ' y 4- cos 9' sino's] 
].' = [cos *’5 X + sin 9 cin 0 y + cos 9 sin 0 2] 


Hh C X 4" S ^ 
A Z 


[1 4 


2e. 


' \P* 
mim 


2e 


cos O' + — ^ COD 9’ sin O' + -A— ] 


2 _T 


, 2 
C 


Nogli-ctln^r hight.r oz’der teriPs of —• and os 

0 f> 

the phnsG factor of iiq.(/1.9) is given as 


(4.10a) 

( 4 .IOI) 

(4.10c) 

(4.10d) 

(4 .lOo) 

e e 

^ «1, 


P* - p’. =» [2f - e„ cos 9 sin 0 - c cosG ] - 

0 Z X 

[p sin 6 ' sin G cos (o' - 9 )] +[e cos o' sin 9 '] 

z ^ 

e" 

+ f e cos 0 ' + -^ + p cos 0 ' (1 - cos 6 ) ] 

X 2 P 

-[ ( e^/2p ( cos^ 9 ' sin^ o'] (4.11) 

z 

In thv. above equation, first three terns are independent of the 
Integration coordinates end nay ht- taken out of integra .1 and 
includc'd in constant factor. They represent a phase pattern of 
the field. Ad r = p sin 9 the nornal phase factor due to an 
in phase aperture is given by the next tern. The fifth term 
represents the phase error factor which encompasses linear. 
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nru: higher ore] or odd power of integration coordinate, 

I'hio provides the "beain shift and comatic aherration. 

The next three terms are proportional to r^ and higher 
order oven power torms which can he eliminated hy refocusing the 

Idod, The last term is the astigmatism. Refocusing condition 
g3v( G the potzvel surface in optics, which is defined as thelocus 
wh ' ch contains a sharp imago when the other aberrations are 
bc'.nt. Sitting the field curvature a,nd higher order even power 
1 ns to Koro, we get locus of feed as 


X 


2f 


( 4 . 12 ) 


Therefore, for sharpest null, the feed locus for small 
aberration is defined by Eq.(4.12) as another paraboloid of 
focal length f/2, tangent to the focal plane. With feed in 
optimum position as discussed in Section 2^x3. 2.4, and neglec- 
ting the astigmatism in comparison to comatic aberration, the 
m-'-gnitudo of the far field can bo written from Bq. (4.9) as, 

-nk[r sin 0 cosCm ’-(p)“€„ sinO’cos<p'] 


27c a 

£!( e , 9) = / / f (r,9’ ) e 

0 o 


r dr d 9’ 


(4^13) 


Since 


sin 0 


t V* §/[l+(|j)2] ^£[1 - 4- (^)^_...] 


2f' 


‘4f ' 


The phase error factor may be given as 


(4.14) 
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^ oos <p' = -^ Ug r[l-{ 2 |-)’+(^)'^, 

•=fv^ ■ 

where, 

M(r) » 1 +(r/2f)^, and 
Ug = e^/f the feud squint. 


. . * ]cos(p * 
( 4 . 15 -^) 

(4.15b) 


The first term of Eq.(4*15) is a linear term and provides 
an undistorted beam shift equal to feed squint. The second to-rm 
proportional . to Ugr^ cos<p' is, what is known as primary coma 
and creates beam degradation and a beam shift in the opposite 
direction, making the beam deviation far from one-to-one 
correspondence. This ratio has been defined earlier in 
Section 3»2.1 as beam deviation factor (DDF). The remaining 
hi^^ier order terms are normally neglected. With u = sin 0 , the 
phase factor term of Eq.(4.13) can be simplified as 


Phase factor s= lirCu 003 ( 9 ’ - 9 ) 


U„ cos 9 ’ 

•] = AKr cos (9 

M(r) 


-a) 

( 4 . 16 ) 


whort' 

A ^ 

tan a =» 


■ 2U U„ 

^ cos 9 + 

M(r) 

U sin 9 


M(r) 



(r) 


(4.17a) 


(4.17b) 


U 00s 9 - 
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-! Eq.(',13) bucomos, 
B (0,9) = 


Sit a jkrAcos( 9 ’-a) 

/ / f(r, 9’) c r dr d 9 ^ (4*18) 

0 0 


For circularly symmetrical illumination functions, the 9 ’ inte- 
gration can he performed with the result, 

J f(r) J^(K r a) r d r (4.19) 


E( ^ , 9 ) = 2'Jt / f(r) Jq(K r a) r d r 


Eq.(4.19) can he evaluated for specified illumination. 
Fen tho lllumirmition given in B-planc and H-plane respectively 
hy hq.(2.27) and Eq,(2,2r)» Eq.('^.19) yjol('''s on norma,lizaticn and 
dropping all constants, 


E™ == / Jq{K z a) z d 2 

n Q n 


and 


E 


H 


/ 


ffy(y) y A) y dy 


( 4 . 20 a) 


(4.20h) 


Power patterns calculated from Eq. (4*20 a and h) are 
plotted in Figure 4*5 and 4.6 for E and H-plane respectively 
with different displacement of feed. The computer program is given 
as Appendix ’A*. 

In our o.nclysis, we hayc neglected the astigmatism in 
comparison to coma terms. It is of interest to examine the 
ro-tio . of the totrl coma ahorration with neglected astigmatism^ 
wliich is given as [lO] 

Astii^matism _ ^ (f/P) (4.2l) 

Total coma [i+(D/4'f ) ^] ^ 



Reldtive power in DB 







I'V.r n 
''"'I'M 


(i l3flf!,ct..inont of one wrivo length, in our case, this 
Id c-''.lcul'’.tcfi to ho 


/ui Igm'itirun 

^ 

Trjt.'.'.l com 


0.0189 


wKif'h in jun f iahly neglectc<i for case of computational effort. 


in Parabolic Reflector ilntennas 

In ch'iptcr throe, we hove discussed the various causes 
cf nntlgmntlnm in parabolic reflectors. Tho effect of displaco- 
f.cnt f CM.'d 'in only marginal but imperfections in the reflector 

C''U.af »(;ri''uu phase error. No reflector can bo manufacturod 
without error# Also gravitational sag changes shape of reflec- 
tor mirfatJo rmd chnngc.o tho oquiphase front. 


•'.‘Ml Antlgmatlsn due to imperfoction in surface [ 5 ] 


Wln.n the nurfacc is inperfoct, the surface of constant 
phf.ne will devintv from the aperture plane, say by an amount 


z) t which may bo expanded as a power series [5] 


C>t, z) a I ), 


n m. 
X z 


a 


n=o m-o 


hm 


(15/2) 


m+n 


( 4 . 22 ) 


whore, X and z are enrtisinn coordinates in aperture plane y- 0 . 
If wc add in this the error due to displacement of feed, say 
2 ^(x»z), then total phase error will be 



s= terra (nboolute phaco) + first order term 

(beam shifting) 

+ ijceond order term (dofocusiiig and astigmatism) 

4* t>iird and higher order odd terms (coma and oth r) 
•+ fourth one! higher order even terms (spherical and 
other aber.) 


Wi,- h''Vf dj.ocussed these terms neglecting astigmatisT.i ip 
1 .rt Hoc. V'ith astigmatism due, to imperfections, second order 
+■ ,rr:. t - k- r the form 


.r oond ordi.T = 

X 


2^ a(z*-x=) +Y (z^ + x^) 


(D/2)^ 


(4.23) 


v.'lii rt; 


Y = [-a (D/f )’ + ] 


(4.24) 


8 


? .li' 


, the astigmatism parameters (4.25) 


Bq#('»23) gives two second order terms: a radially 
symmetric error which is parabolic due to both reflector error 
(agQ and and axial feed position (e^). By setting the 

axial position of “feed properly, this term can be reduced to 
zero. This food positi-n will maximize the peak gain of antenna 
and with food in this position, the remaining second order 
phase error is the astigmatism term, proportional to a. There- 
fore, we come to the conclusion that moving the feed position 
for refocusing cannot eliminate astigmatism and 

focusing of the antenna amounts to reducing the f ' 
the astigmatic form. \ ^ 


Jk ^ 
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The cffcctn of fistigBio-tisin can niost easily be seen in the 
patterns of the antenna. Prom Eq. (4.24), it can be seen 
tr.at Y variuo when feed is moved axially for refocusing. This 
v-ill very the- ■'UTtOunt of phase error in each principal direction. 
Vith oh'-'ngc in phase errors, the radiation patterns in S-plane and 
h-plunc will V'U’y, but differently due to the presence of astig- 
r"ti:sr. For example when y == -a, the terms in z direction will 
cancel and no there will not be any phase error in the E-plane- 
Thic will provide a well formed radiation pattern with narrow 
be'^m width, anrill side lobes and deep nulls. Whereas in H-plcaie, 
Ihc-ro will be 2a parabolic error and duo to this tho pattern 
will be defocused. The effects will bo a broadened main beam, 
high principal side lobes and poor nulls. On the other hand, 
when V =: +a, the opposite effects will be seen. The H-plane 
will net have any pheae error and the radiation pattern in this 
plane will be well formed, whereas E-plano will heave a defocused 
I attorn due to 2a parabolic error. 

A compromise position of feed may provide higher gain 
with slight dcfocusing of patterns in both the planes. If the 
beam is elliptical aDtigmatism is possibly present. With 
astigmatism, pattern remains symmetrical, the minima .fill in 
rapidly and the central lobe decreases in intensity along with 
beam broadening. Side lobes increases with the aberration, and 
as aberration becomes large, the main lobe no longer remains 
a maxismm relative to the first side lobe. 


4.3.2 A;.iti{. 7 :'jrttif 5 n in rcfloctOT' duo to Gravitational sag [l4]: 

In case of large; paralolic ref]uctors, the reflector 
hackin'- otruoturf constitutes a weight of several tons and due 
l<; thin heavy weight, the gravitational sag tends to produce 

f orrv'.t ion ouch as squeezing the reflector at opposite edges 
in v rtinal plane. This would make opposite sides to move nea,r 
1 ’ focus wliile th'-’ othiwr two quadrant will move further away as 
r fltctor acts like a shell. The phase in aperture plane 
1 'dn 1 n opposite qnn-Irants and logs in the orthogonal quadrants. 
1 !' thr ;-urf- cc at a point (r, 9 ’’) is raised by 6 n(r, 9 ')» as 
iU'f-wn in Fl^niro .1 , the wove fr nt on the focal plane at tiu 
V ‘Int T, 9 ’ will advance by, [18] 

, g, ~ 2 6 n(r, 9 ’) cos ( V ) ( 4 . 26 ) 

Aocuring, an in our oarliur anal.Ysis that magnitude of 
•■.T'crtur*' illurdnation remain unchanged, wc will obtain the 
runotinn 6 n(r, 9 '). It is beet to assume the deformation in 
r'tri.'Ciurt of ninuo'''idal in nature which will provide a sinusoida: 

s'C fremt. Pitting maxima and minima to the observed pattern 
"'Ciy bt rlonc by adjusting the sine term. Bachynski [l] has 
tri ,.d with different s’ine terms and found that altering it from 

y through sin 27 ir to sin r.r moves thi.- maxima and minima 
inwr.rdo r.n-! inorc.aetfl then slightlj , the h,,st fit with the 
ohsorvert side lobes coinihg with sin woere r is the 

r-orTOllzed diatshoe of the point r,?' froo central axis. With 

BiXL 4? r terms, the phnso front of aperture is shown in ' 

2 



5 ^ 


\ * ! 



(a) (b) (c) Reflector aperture phase with 

(D = 0 0 = Tr/2 astigmatism 

E “plane H- plane 

FIG. 4.8 APERTURE PHASE WITH ASTIGMATISM 
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Fi/Turc 4 •S. With d as the deviation a.t edge of paraholoid, the 
function 6 n(r, 9 ') is given as 


6 n(r, 9 *) = (3. sin(^ r) 


(4.27) 


and the phase factor error "becomes, 

A 9 = •21 [2a sin( ^ r) cos -—] ( 4 . 28 ) 

X C 

with thifl phaeo error factor, the field integrals of F;q.(2.35) 
arc- v odifif'd as 


E' 




/ ^T?{z) COS [K (2 sin a + 2d sin(^ r) cos 4] (4.29a) 

-D/2 


ER 


B 


+I)/2 9 

= j fjj( 2 ;) Bin[K (2 sin a + 2 d sin('^ r)cos ~)] dz 


Ei 


-D /2 


(4.29h) 


•fD/S ’z^ Ip 

B’ = / co 8 [K(ysina — 2 d sin(-~ r)cos -)] dy 

HR -D/2 

and 


(4.29c) 


+B/2 


! 

SB 

'"Hi 


/ fjj(y) sin[K(y sin a ~ 2 d sin('^^)cos ~)]dy 


*D /2 


37C 

■^11 

2 




(4.29d) 


The integrals are evaluated and power patterns for 
different deviation at edge of the dish are plotted in 
Figure 4.9 and 4.10 for E-plane and H-plane respectively. 





Relative power in 


(j •= 0 
d r A/8 
d = A/4 



0 1 2 3 4 5 

Beam scan angle o( in deg. 

no. 4.10 a H-PLANE PATTERN OF PARABOLIC ANTENNA 


WITH ASTIGMATISM DUE TO GRAVITATIONAL 
SAG. 
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Beam scan angle o 4 in deg 
FIG. 4. 10b H- PLANE WITH ASTIGMATISM 
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CHAPTER V 

MEASUREMENT OF ANTMHA RADIATION PATTEERS 

5 • ^ Antenn a Pattern Measurement by Ordinary Methods 

In Orel or to verify the theoretical results computed 
earlier, an attempt was made to make pattern measurements of 
a parabolic reflector antenna an:’ to study the effects of feed 
fl isplaccmcnt , Existing facilities do not permit measixremcnts 
on the 28 ft paraboloid for which the calculations have been 
mode. Some experiments were attempted at the measurement^ of 
radiation patterns by ordinary methods in X-band at 10 GHz on 
an existing paraboloid dish with f/D routio of l/3» o,nd aperture 
diameter of 30 cm. 

The B-plane and H-plane patterns of this paroholic 
reflector with an E-plane sectorial horn (2.3 cm x 2.0 cm) were 
first computed for displacement of feed in a similar manner as 
done for the 28 ft dish in Chapter IV. In the experiment, the 
paraboloid dish was used as transmitting antenna and a pyrami- 
dal horn was used as a receiving antenna. The following 
factors must be taken into accotint while setting up the 
experiment, 

(i) Distance between the transmitting and receiving antenna 
should be sufficiently large. The accepted value of the 
minimum distance at which pattern measurement may 
properly be made is 2D^/X. 
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(li) All stray reflections should he avoided since they add 
in a random fashion and distort the pattern. So the 
site for experiment should he as open as possible. 

(ili) The transmitter and receiver should he kept at a 

sufficient height to avoid ground reflections. Their 
axis must also he aligned. 

The measured radiation patterns in E-plane and H- plane 
hy ad Jus'ting the feed position such as to provide maximum gain 
in each caso, are plotted in Figure 5*1 and Figure 5.2 
respectively, which are showing computed curves of radiation 
patterns with displacement of feed on horesight. The half 
power heamwidths obtained hy computation and hy mee sureni.^nts 
arc in close agreement, whereas the radi-^tion patterns differ 
widely* The reasons for disagreement may he sxunmarized as 

(i) Thoorotical focal length of dish is 10 cm, wheraas the 
host food position was obtained when feed was approxi- 
mately 11.5 cm away from the vertex. 

(ii) Difference lit the alignment of the axis- of the parabolic 
reflector and receiving antenna, 

(iil) Reflections from the ground and surrounding metallic 
objects in the laboratory could not he avoided. 

(iv) The slight tilt on one side of reflector < dish due to 
weight of the feed horn assembly. 

The parabolic dish is not mounted rigidly on the 
rotating frame# The existing clamp arrangement for holding 
the feed assembly does not provide steady and accurate 
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movement of food horn. There is no mechanism available, which 
can be attached to the frame of the dish by which the feed 
can be moved from one position to another desired position. 

In th>- existing system, once the feed is moved from one 
locntion, it is very difficult to ascertain its movement on 
the same axis or in a particular plane. All this has to be 
donc by poraonal judgement alone, which results in errors in 
the mcasurcniciit . 

Tho nicnsurcd values of field strength at various 
positioning of tho feed arc, therefore at variance with the 
once computed, and hence are not plotted on the graphs. The 
two most essential requirements which must be complied, ii 
the existing jxxrabollc dish is to be used for antenna 
measurement with displacement of food from the focus aru -■ 

(i) Proper aligning and firmly mounting the parabolic dish 
on the rotating frame. 

(ii) Designing and fabricating a mechanism to facilitate 
accurate mensuroment of distance from the vertex to 
feed and also to permit movement of feed in desired 

plan© or axis. 

lastly, the experiment should be conducted in an open 
place to avoid stray reflections. 

Tho ord.lnary method of antenna pattern measurement 
cannot be used with very large parahelio reflectors. The 
main limitation comes from the requirement of distance, that 
is noeded between the transmitting source and the receiving 



source for good pattorn measurement. It is known to us that 
this distance should not he less than 2r)Vx. To feel the 
m, gnltudc, lot us consider the troposcatter dish with 28 ft 
(8.5 m ) aperture diameter operating at 2.1 GHz (X=14,286 cm). 
The distance needed will he approximately 1 Ein, which is a very 
l''rgc distance. Different methods will have to he us^ d to 
obtain radiation pattorn in such cases. 

of Antenna Rad iation Patterns of large 
Parabolic Reflectors 

Wc have .calculated above that distance needed hotvjoen 
th(’ two sources » when one of them is a' large parabolic 
reflector dish is very largo for obtaining good radiation 
pattern. One way to measure radiation pattorn at such a 
largo distance is by using parabolic reflector dish as a 
transmitting source and placing a receiving source in an 
aircraft. low, by arranging the flight of aircraft in one 
of the piano in the radiation zone and obtaining the cross- 
oe-ction of the transmitting lobe, radiation pattern can be 
built up ty plotting the cross-section of lobe at varying 
distances from the transmitter, i.o., parabolic reflector 
dish. The other method is to use the parabolic reflector 
antenna as a receiving source and natural transmitters as 
the far field source. These natural transmitters are the 
fextra-terrostrial sources of radio emission. 

The two methods mentioned above will now be discussed 


in some dotail 




tarqets 


FIG. 5.3 FLIGHT PATTERN FOR MEASURING 
CROSS-SECTIONS OF THE ANTENNA 
BEAMS- 


^ - 3.3 cm Cyg nus - A 



- Al^ -■ — 


FIG- 5.4 AN EXAMPLE OF A RECORDING OF THE 
DRAFT CURVE OF A SOURCE CYGNUS-A 
THROUGH AN ANTENNA’S DIRECTIONAL 
PATTERN. All IS THE DISTANCE BETWEEN 
MINUTE TIME MARKINGS • 
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5’ * 2 *1 Mcasuromc.'nt of Radiation Pattern with, the Aid of 

Aii>craft [2] 

A schcmntic representation of the flight pattern to 
obtain the cross-section of radiation pattern at one plane 
ir. shown in Figure 5.3. To obtain the beam cross-section at 
V'^riouB places, number of flights are to be flown at each 
plane. Level flights at altitude intervals of 1000 ft. are to 
bC' flown well beyond Croch side of the major lobe of the ground 
antenna. Flights should maintain a level to. the accuracy of 
00 ft. The flight track can be controlled by use of a gyrostab 
lized drift sight over a course of ground targets which should 
be c' refully surveyed in position and direction. To permit 
interpolation of position between the targets, exact time of 
passage over the target must bo recorded , 

A downward looking camera or telescope may be used for 
correct identification of targets. Precaution should be taken 
to plan flj gilts in a cloud free and stable weather. This will 
facilitate easier operrtion and give bettor results. Once the 
croas-scctlons of lobe at different distances from antenna are 
known, the radiation pottorn can be built up. To obtain high 
accuracy, it is necessary to determine precisely the coordina- 
tes of the aircraft in flight, as well as to maintain high 
stability. This along with the economic factors involved maice 
the use of this method exceedingly difficult. 
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5 •2.2 Mcp.curc-niont of Radiation Pattern with the aid of 
Extraterrestrial Soui^ces of Radio— emission fl 2 j; 

The increasing knowledge of extraterrestt-ial sources 
in thf; field of *Rnd io-astrbnomy ' have made it possible to make 
uoc of the oocallcd ^radio stars' which emit in addition to 
vioihlo light, cloctromagno'tic radiation. This emission of 
radio waves is filtered by atmosphere and available in 
wavcl ngth from 1 mm to 15-2P m. The main characteristic 
fc'^turos of this rodio emission arc that this signal is very 
we.ok and it has a noise character similar to the internal 
noise of radio receivers and amplifiers; i.e. uniform with 
Gau.s .ian distribution over the bandwidth of receiving system. 
THareforo, a very sensitive, superhetrodyne receiver should be 
nrrd for receiving this weak signal, a.nd arrangoment made for 
V‘ on ding an incremental increase in output from constant level 
t;hrt ii' duo to internal noise# This device is usually called 
R'-dioraetor# 

The measurement of antenna's directional pattern using 
such source consists of the recording of the transit curves from 
the source and subsequent analysis of this curve. Before 
antenna pattern measurements can be made, it is necessary to 
align the antenna's electrical axis with geometrical axis, the 
direction where the paraboloid's directional pattern is maximum. 
This is also achieved by recording of the transit curves. Steps 
taken to obtain the recording of these drift curves are: 
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i) Select an appropriate extraterrestrial source and calculate 
the local time of culmination on the day Intended for 
measurement. 

ii ) Put geometrical axis in the meridian plane as trajectories 
are horizontal at the culmination point, 

iii) Obtain tho azimuth angle A and elevation angle h of 
point source from the equiatorial coordinates by using 
transformation equations. 

iv) Warm the recording device long enough so that zero level 
and amplification are stabilized, and start recording 
well ahead of the measurement time to ensure a reliable 
measurement of the zero level. 

If the calculations are correct and the displac^raent 
between the electrical and geometrical axes is not too large, 
the omission source ’enters' the antenna directional pattern 
before culmination, crosses the pattern and thaa 'leaves'. 

Figure 5.4 shows such a recording from source ^Ygnus-A. If 
large fluctuations are observed on the recording, several 
curves must bo averaged. Several recordings of drift curves 
should be made of a source's passage near culmination with both 
positive and negative deviation in elevation angle h. Recording 
with maximum amplitude will give the correct alignment of 
electrical axis. 

Vhen omission is from a point source, the recording of 
a sources transit across the antenna with electrical axis 
aligned reproduces the directional pattern, say F(0)., But when 
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the source's angular dimensions arc large compared to the 

antenna's main hoam (normally heamwidth at half power point) 

c»g. the sun, then this leads to hroadoning of the recorded curve. 

However, In most cases, the broadening of the directional pattern 

can bo compGnDo.ted for when the recordings are analyzed, let 

F^(o) be the pattern obtained from the transit of such source 

with finite dimension R, the angular radius of constant bright- 

tomporaturo portion of the dish source. Then relationship 

bi twoen P(9) and P^(G) developed by Bogusla.vtsev is given as 

f 

p(o) = rPj(o ) + |- yy (0) + (0) + ■•••] (5.1) 

Thus the function P( 6) can be represented by a converging series. 
VJhcn 

|^P”(0) « Fu,( O) (5.2) 

O ^ X 

the curve Pf(9) obtained from the source's passage is similar 
to P(0), the directional pattern obtained from a point source. 
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CHAPTER VI 

RESULTS AND DICCXJSSIOHS 


6*1 Sumrrary of Results and Discussion 
6.1*1 Ucfocusing: 

Inforrfi'ition obtained from the curves for radiation 
pCJtt^ m of parabolic reflector antenna with displacement of 
feed on horcsight shown in Eigures 4.2 and 4.3 are given in 
Table 6,1. 

It can be seen from the data obtained as well as from 
the curves that as the feed displacement increases, there is 
■1 reduction in field intensity, increase in half power band- 
width and blending of the side lobes into the main beam. The 
Invfl of second side lobe decreases with increase in displace- 
ment of feed, whereas the levels of subsequent side lobes 
do not change appreciably. The gain of antenna falls rapidly 
wher, feed displacement increases more then 3/4th wavelength. 

6.1.2 Off-set feed: 

Results for off-set feed from curves drara in 
Figure 4,5 and Figure 4.6, are tabulated in Table 6.2. It 
can be seen from the diagrams that as the feed displacement 
increases, the beam shift also increases, coupled wit 
reduction in field intensity, and increase in heamwidth-. The 

beam no longer remains symmetrical, which is the effect of 

he observed that the level, of 


comatic "a-berration. It can 
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TABLE 6. 2 1 CKARACKHISTIC CF lARABOLCID AH’ 
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side lobo towards the boresight is higher whereas' on the other 
side of main lobe, it is much lower. The beam broadens at 
base away from boresight so that the side lobes merge with the 
main beam* The deformation of beam for an off- "Set feed of more 
than one wavelength restricts the beam scan to approximately 
±2 SBW without much degradation, 

6.1.3 Astigmatism : 

It can be seen from curve of Figure 4.9 and Figure 4.10 
that the astigmatic aberration due to imperfection in structure 
v/hen gravitational sag deforms the reflector surface, causes 
rapid degradation of radiation pattern. Table 6,3 provides 
tho information about the reduction ^in field intensity, first 
side lobo level and half power beamwidths, for various values 
of deviation in reflector surface at edge of tho dish. There 
is sharp reduction in field intensity, increase in side lobe 
level and beam broadening with increasing value of deviation. 
With deviation more than l/8th wavelength, the main lobe no 
longer remains a maxima relative to aide lobe level. 

6.2 Conclusions 

¥e have studied the effects of various aberrations on 
radiation pattern of a parabolic reflector antenna, -which are 
caused by displacement of feed from its focus and departure 
of reflector surface from true paraboloid. Displacement of 
feed on boresight causes dofocusing of radiation pattern by 
increasing its half power beamwidth, blending side lobes into 
main beam and bringing a reduction in field intensity. Such 
a displacement of more than half wavelength degrades the 



TABLE 6 . 3 : CHARACTERISTIC 


ASTIGMATISM 


Deviation Reduction in fiel 
at edge of intensity 

reflector (db) 

dish in 

wavelength ™ „ 


0 


1/8 

3.58 

3.85 

1/4 

8.70 

9.22 

1/2 

16,08 

16,66 

5/4 

15.32 

16.21 

1 

19.52 

20.39 
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>E PARABOLOID AHTENHA WITH 


-d First side lobe 
level 
(db) 

Half power 
beamwidth 
in deg. 

E 

H 

E 

H 

-25,60 

-21.10 

0.96 

0.94 

- 8.98 

- 8.70 

2.00 

2.00 

5.99 

-5.96 

2.45 

2.41 

-10.61 

-10.74 

2.16 

2.35 

-15.10 

- 15.00 

2.30 

2.61 

-14.56 

—14.60 

2.28 

2.28 


radiation pattern severely and reduces the antenna gain. 

Thor of ore, feed should be positioned ver 3 ^ carefully and as 
close as possible to the focus to avoid any loss of directi- 
vity and reduction in resolution. 

The effects of astigmatism on parabolic reflector 
antenna due to Imperfection or deviation of reflector surface 
from true paraboloid is also quite severe. The surface of 
the parabolic reflector must be manufactured to a high precision 
It is difficult to manufacture an absolutely perfect paraboifco- 
idal surface, so a small amount of astigmatic aberration is 
always present. Greater precautions should be taken to counter 
gravitational stresses while designing the back structure so 
that surface is kept to a near perfect paraboloid. 

The displacement of feed on transverse axis causes 
a tilt in the main beam and provides the possibility to 
achieve a beam scan. However, along with linear phase shift, 
cubic phase error brings comatic aberration, which degrades the 
radiation pattern by blending the side lobes away from bore- 
sight into main beam, increasing side lobe level towards bore- 
sight and causing an opposite shift of main beam. The shift in 
reverse direction reduces the beam tilt to a value less than 
feed squint, thus bringing beam deviation factor into pictuxe. 
Degrading of radiation pattern due to astigmatism and defocusing 
in off-set feed case is negligible compared to coma and so it is 
comatic aberration which put restrain on the range of beam 
scanning. A beam scanning of about +2 SBW can be achieved by 
keeping the efficiency of system above 90 percent. ; 
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APPENDIX ' A‘ 


G PROGRAM FOR EVALUATING E-PIA NE PATTERN OF AN OFF AXIS HORN 
C FEED PARABOLOID 

Q >l<t >j<s|cs}c >!<>{< 

C TJffl INTBGRiil INVOLVED IN EXPRESSION FOR RiU)IATION PATTERN IS 
C DENOTED BY F(X) AND IS SVAnJi.TED USING 
C ‘ F /application of SIMPSOF S rule between INTEGRATION 
C LIMITS A AND B. SUMND IS THE SUM OF //LL F(X(I)) FOR EVEN 

C ICEXCEB: for F(X(2*N))) while SUMID IS THE SUM OF ALL 

C F(X(I)) FOR ODD. 

DIMENSION VA(IOO) 

DIMENSION FACT (250) 

C OMMON/DATIPI , AmDA, FL, ALPA, DELTA 

common/bsi/fact 
REAL JO 

CxaLL FLUN(31000) 

C ALMDA-W;?^SLENGTH IN CM 

C SMALB-E-PL. NE APERTURE OF THE HORN IN TEEMS OF WAVELENGTH 

C DI/MTEUDI/METER CF PAR-ZBOLIC REFLECTOR IN TERMS OF WAVELENGTH 
C FLNT-FOCAL LENGTH OF PARABOLOID IN WAVELENGTHS 

AIMDA=14. 286/14. 286 
PI=4.*ATAN(1.) 

DTAMTR=28 . * . 306/ . 14286 

SM/iLB=ll./14.286 

FLNT=1 2 . 4* . 3 05/ . 14286 

FIf . 305* (12 . 4-3 . 95V*14286 

A=0. 305*14.0/, 14286 

FACT(1)=1. 

DO 200 KK-2,30 
KKK=KK-1 

200 PACT(KK)=FLOAT(KK)*F/iCT(KKK) 

DBLTA=0.0 

C DELTA-DISPL/CIiMENT OF FEED IN WAVELENGTHS 

11 PRINT 75, DELTA 

75 P0RH!AT(20X,E15.8) 

DBLTA=DELTA/FLNT 

KI=0 

D095 IK==401,801,5 
IF(DELTA*FLNT-3.)12,12,13 

12 PIK=IK-401 
GO TO 14 

13 fik=ik;-i i 

14 ZIK=FIK*ri/180. : 

ALrA=ZlK*AIMD/j/DI/MTR : 

KI=KI+1 

N IS NO OF INTERVALS BETWEEN INTEGRATION 
N=50 

AIFN ■ i 


C 
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STEP = 1.0/ AN 
H=sr3r/2. 

C INITLxLISS rAN/J-GKR 

Sl]MND=0 
C.tMII>=0 

C FOR HIWE INDIVIDUAL ArFLIC.-TICN OF SIMISCN’S RUE » I' IS 

C IT3R;.TI0N COUNTUR 

DO 85 1=1, N 

C JV.JJTj.T3 SlMNDjSmflD 

TSMr=I-l 
X.XVSTSP’i'TIMP 
IP(XX.3Q.O.) GO TO 86 
Zl=l .+ ( A* XX/ (2 . *FLNT) ** 2. 
i.I=0 IN( ALFA) - ( D 3LTA/ Zl) 

FT1=2. *ri* XX*/J/AmDA 

FIl=A*Pri 

GALL B3SL(FLL,J0) 

ail=jo 

Z2= 1 . + ( A* ( XX+ H) / ( 2 . * FLN T)' ) * * 2 . 

A2=S I N( ALFA) - ( D3LTA/ Z2) 

FT2=2.*ri=^ (XX+H)*A2/iGMDA 

FT2=A* FT2 

CALL B3SL(FT2,J0) 

BI1=J0 

STM NIF SUM ND+ F( XX^AIl 
GUMID=OTJMlDf F(XX+H) * BIl 
85 CONTINUE 

C USTMx'JS V;.LU3 OF Tl-G INTSOFulL 
C 11^1 • 0 

Z4=1. + (A/(2.*FLNT) )**2. 

A4=S IN( ALFA) - ( D3LT V Z4) 

FT4=2. * FI* A*A4/ AIMDA 
GALL B3SL(FT4,J0) 

VALUTA ( 2 . * SUO^ND+4 . * SUM ID- F(0 . 0> * G 11+ FCl . 0) ♦ Dll) *H/3 • 
VALUS=(VALUID^Vi.IU3) 

IF(K.NS.401) GO TO 90 
IFCDULTA.NE.O.) GO TO 90 
AI]0R=VALU3 
90 CONTINUE 

C VALUE IS NORM.'- LIS ED FOTO 
VALU1=VALUE/ANCII 

C VALU IS NORMALISED FOIa/UR IN DBS' 

VALU=10.+ ALOGIO (VALUE) 

VA(KI)=VALU 
ALrADG=180 . * ALF VFI 
95 COmHUB 

rRINT40,(VA(KI) ,0=1,81) 

40 FORMA.T ( 10 ( 3X , F8 . 4) 

FUNCELOI , ( VA(0) ,0=1 ,81) 

101 F0RMAT(10FB.4) 

15 D JLTA=D3LTA* FLNT 

16 DELTA=DELTA+1.0 
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IFCDSLTA-e.) 17,17,18 -- 

17 GO TO 11 

18 STOP 


c 


15 

10 


A5 


30 

35 

40 


50 

100 

60 


I!l7*xu/J?I0N OF BSS'^HL 
SUBROUTINE BES1(X,J0) 
DIMENSION FiiCT(250) 
COMMON/BS I/FACT 


CALL FLUN (31000) 
REAL JO,JOO,JOX 
I F( 30 10, 15 ,10 
JC=1.0 


HJ NOTION 


RETUI'.N 

J0=1.0 

ri=4.0't'ATAN(1.0)- 
IF(X-13. 0)45,46,60 
EI3LNi=l.B-20 ’ 

B=ABS(X)=<'0.5 
DO 50 M=l,30 

IF(M-(M/2)’»'2>35,30,35 

MMM=1 

GO TO 40 

MMM=-1 

JOX= FLOAT (MMM) * ( (B ♦ *IM) /FiiC T(!0> ( (B** BM) /Fi.C T (M) ) 

JOO=JO 

JO=JO+JOX 

CONSr=jo^jOO 

IF(ABS (CONST), IE. BrSLN) GO TO 100 

CONTINUE 

lETURN 

JC=SQ RT( 2 . 0/ ( ri* 30 ) * c OS ( X-0 . 25* r I) 

REKTRN 

END 


C EVALUATION OF. FUNCTION F 
FUNCTION F(Z) 

CmKCN/DAT/ri , AIMDA, FL, .iLRA, DELT.l 

A=0. 305*14.0/. 14286 

:^=2.*ri/AlMDA - 

SM;iLB=11./14.286 

FT>= . 305* (12 . 4-3 . 95) /. 14286 

RHI S= ATAN ( A* Z/FL) 

IF(RHIZ.:>1Q.0.) GO Tn 10 
UE= AK* SM ALB/ 2 . * S IN( RHI Z) 
F=SINCUE|*A*Z/UB 
RETURN 
10 F=A* Z 
RETURN 
END 
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